There is much debate on whether compact groups of galaxies (CGs) are mostly physically dense systems of 4 or more luminous galaxies or instead caused by chance alignments of galaxies along the line of sight (CAs) within looser groups or larger structures. For a more statistical assessment of their reality, we identify CGs within mock galaxy catalogs constructed on top of the Millennium Simulation at z = 0 with three different semi-analytic models of galaxy formation by Croton et al. (2006, C06), Bower et al. (2006, B06), and Blaizot (2007, DLB). CGs are identified using the same two dimensional criteria as those visually applied by Hickson (1982) to his CGs (HCGs). We identify several hundred of CGs in projected space, among which roughly half (55%, 56% and 29% for C06, B06 and DLB, respectively) constitute our mock velocity sample (mvCGs), where each CG contains at least 4 galaxies with velocities within 1000 km s −1 from the group median velocity. The space density of mvCGs is 50 times the observed one, indicating that the HCG sample completeness is only 2%, as Hickson appeared to have missed CGs that were either faint, low surface brightness, apparently small, or with a strongly dominant galaxy.
ABSTRACT
There is much debate on whether compact groups of galaxies (CGs) are mostly physically dense systems of 4 or more luminous galaxies or instead caused by chance alignments of galaxies along the line of sight (CAs) within looser groups or larger structures. For a more statistical assessment of their reality, we identify CGs within mock galaxy catalogs constructed on top of the Millennium Simulation at z = 0 with three different semi-analytic models of galaxy formation by Croton et al. (2006, C06) , Bower et al. (2006, B06) , and De Lucia & Blaizot (2007, DLB) . CGs are identified using the same two dimensional criteria as those visually applied by Hickson (1982) to his CGs (HCGs). We identify several hundred of CGs in projected space, among which roughly half (55%, 56% and 29% for C06, B06 and DLB, respectively) constitute our mock velocity sample (mvCGs), where each CG contains at least 4 galaxies with velocities within 1000 km s −1 from the group median velocity. The space density of mvCGs is 50 times the observed one, indicating that the HCG sample completeness is only 2%, as Hickson appeared to have missed CGs that were either faint, low surface brightness, apparently small, or with a strongly dominant galaxy.
We define physically dense mvCGs as those whose smallest clump of at least 4 galaxies has a maximum real space galaxy separation below a threshold (90, 45 and 110 h −1 kpc, for C06, B06 and DLB, respectively) chosen such that the 3D shapes of these clumps are similar to those of the virialized groups selected in real space. Then, roughly a quarter of the mvCGs are physically dense (28%, 21% and 21% for C06, B06 and DLB, respectively). In addition, one-quarter to one half of the mvCGs that have been resampled according to the completeness functions of the HCG are physically dense systems of at least 4 galaxies (53%, 23% and 36% for C06, B06 and DLB, respectively). Hence, less than 35 of the 100 HCGs should be physically dense associations of 4 or more galaxies. However, roughly half of the mvCGs contain a physically dense triplet. Roughly 4/5ths of the mvCGs that are produced by CAs are from larger host groups, while the remaining are from galaxies extending a few Mpc beyond the host group.
The mock group properties resemble those of HCGs, in particular the anticorrelation of CG virial-theorem-mass-to-light ratio and crossing time, and the larger velocity dispersion for groups of higher surface brightness. We find no significant trend for the higher velocity dispersion mock CG quartets to appear rounder in projection (which is present, but not significant in HCGs). The strong correlation between velocity dispersion and distance in HCGs appears to be caused by Malmquist bias. Physically dense mock CGs tend to have much higher surface brightness, and much lower projected radii, crossing time and mass to light ratio. Moreover, in the B06 and C06 models, the physically dense mock HCGs have slightly lower velocity dispersions than mock CGs caused by CAs. This suggests that among the observed low-velocity dispersion HCGs, which are known to be spiral-rich and X-ray faint, there must be a higher proportion of physically dense CGs, which must then have only formed recently. The opposite is true in the DLB model, where the low velocity dispersion mock HCGs are preferentially caused by CAs.
INTRODUCTION
Compact Groups (CGs) are small, relatively isolated systems of typically four or five luminous galaxies in close proximity to one another. The first example of a CG was found by Stephan (1877) . Several catalogs of CGs are now available: Rose (1977) and Hickson (1982) visually identified CGs on POSS I photographic plates. After the Hickson compact group (HCG) catalog, several CG catalogs have been automatically extracted from galaxy catalogs, themselves automatically extracted from photographic plates: from the COSMOS/UKST Southern Galaxy Catalog (Prandoni, Iovino, & MacGillivray 1994; Iovino 2002) , from the DPOSS catalog (Iovino et al. 2003; de Carvalho et al. 2005) or CCD frames from the Sloan Digital Sky Survey (SDSS) photometric catalog (Lee et al. 2004) . CG catalogs have also been extracted from galaxy catalogs in redshift space: from the CfA2 (Barton et al. 1996) , Las Campanas (Allam & Tucker 2000) , and SDSS (Deng et al. 2007 ) surveys, as well as from the 3D UZC Galaxy Catalog (Focardi & Kelm 2002) . CGs are so compact that the median projected galaxy separation in HCGs is only 39 h −1 kpc (Hickson et al. 1992) .
Recent years have seen a large amount of work on the analysis of CG environments and properties such as internal structures, morphologies, luminosities, etc. (Mamon 1986; Hickson & Rood 1988; Mendes de Oliveira & Hickson 1991; Zepf 1993; Moles et al. 1994; Prandoni et al. 1994; Kelm & Focardi 2004 ). These studies indicate that CG galaxies have star formation properties, colors and morphological mixes that lie in between binary galaxies and isolated ones.
The nature of the CGs has been a puzzling matter for quite some time. How can a few bright galaxies coexist within less than 100 kpc, given that galaxies are expected to merge fast in such systems (Carnevali, Cavaliere, & Santangelo 1981; Barnes 1985; Mamon 1987; Bode, Cohn, & Lugger 1993) ? There are three schools of thought on this matter. One view is that compact groups are recently formed dense systems that are about to coalesce into a single galaxy (Hickson & Rood 1988) . The galaxies lost in the merger may be replenished by galaxies in the loose group environment , and the predicted rate of formation of CGs appears to be sufficient to explain the observed frequency of HCGs (Mamon 2000b) . The second view states that CGs may be transient unbound cores of looser groups (Rose 1977; Ramella et al. 1994; Tovmassian et al. 2001) . And the third scenario places CGs as chance alignments of galaxies along the line of sight within larger loose groups (Rose 1977 for CGs elongated in projection; Mamon 1986 and Walke & Mamon 1989 in general), clusters (Walke & Mamon 1989 ) and cosmological filaments (Hernquist, Katz, & Weinberg 1995) . In this scenario, the numerous signs of interaction and star formation is explained by the frequent occurrence of binaries and triplets in the chance alignments (Mamon 1992b) .
If CGs are physically dense, their dynamical times should be short (1% of the age of the Universe), and the hot intra-group gas should trace a smooth gravitational potential. The launch of X-ray observatories with good sensitivity in the soft X-ray band (ROSAT, ASCA, Chandra and XMM-Newton) has led to the detection of hot Xray emitting gas from many CGs. Since the X-ray emissivity scales as the square of the gas density, X-ray emission is less prone to projection effects than optical surveys (but see Ostriker, Lubin, & Hernquist 1995) . However, although 22 HCGs were detected out of 32 pointed observations (Ponman et al. 1996) , it is not clear what the global fraction of detections would be on the full sample of HCGs (69 [92] groups with at least 4 [3] accordant velocities, according to Hickson et al. 1992) . Moreover, some of the detected groups appear clumpy (e.g. HCG 16 according to Dos Santos & Mamon 1999) , which strongly suggests their unvirialized state.
The distinction between compact groups that are dense in 3D, or chance alignments within loose groups or longer filaments is difficult, because redshift space distortion introduces uncertainties in the computation of the line of sight coordinate which might result in misidentified compact configurations. For a group with line of sight velocity dispersion σv, the redshift distortion will amount to a spread of δrz = σv/H0 in the line of sight coordinate. Assuming that the square velocity dispersion is half the square circular velocity at the virial radius, σ 2 v = (1/2) GM (rv)/rv (appropriate for an ρ ∝ 1/r 2 density profile), one finds δrz/rv = (1/2) √ 100 = 5 if the virial radius is defined where the mean density at that radius is 100 times the critical density of the Universe. So redshift space distortions prevent measuring distances within virial systems (see also the Introduction of Walke & Mamon 1989) .
Nevertheless, there is one CG meeting the HCG criteria discovered by one of us (Mamon 1989 ) that is so close (within the Virgo cluster) that surface brightness fluctuation distance measurements by Mei et al. (2007) are able to settle the issue of its nature: Mamon (2008) concludes that this CG is a chance alignment of galaxies along the line of sight, at least 440 kpc and most probably 2 Mpc long.
In summary, even though many efforts have been devoted to look for an explanation about the nature of CGs, the debate is still wide open.
The advent of increasingly realistic cosmological simulations now allow one to distinguish whether CGs are truly dense in 3D, or caused by chance alignments within looser groups, filamentary structures, or the general field. In an early pioneering attempt, Hernquist, Katz, & Weinberg (1995) , who identified galaxies as dense knots of cold gas in their N -body + hydrodynamical simulation, and searched for CGs in redshift space in many viewing directions. They found four CGs with at least 4 accordant velocities, all of which were longer than 2 h −1 Mpc along the line of sight (one was as long as 4 h −1 Mpc), and yet presented accordant velocities, despite the (Hubble law) stretching of velocities caused by their elongation along the line of sight. The analysis of Hernquist et al. suffers from several drawbacks (according to present-day standards for cosmological simulations): the simulation box was small (44 h −1 Mpc wide), the mass resolution was poor (their simulation had 32 3 dark matter particles and 32 3 gas particles, and their galaxies were identified with as few as 8 gas particles), and the spatial resolution was poor (the dark matter particles had a softening length of 10 h −1 kpc). Furthermore, the identification of galaxies with knots of dense gas was not optimal, especially that feedback from supernovae and active galactic nuclei were not incorporated.
In this work, we quantify the fraction of CGs that can be considered as phyiscally dense entities in samples of automatically identified CGs, based upon more realistic cosmological N body simulations. At present, one can build realistic CGs in two ways: 1) from dissipationless cosmological simulations on top of which galaxies are painted using fairly complex semi-analytical galaxy formation/evolution models; 2) from hydrodynamical codes that resolve galaxies. We have chosen the first approach and use for this purpose the largest cosmological N body simulation ever performed (when the present study began), the Millennium Run (Springel et al. 2005) , on which galaxies were identified using three stateof-the-art semi-analytic models (SAMs) of galaxy formation (Croton et al. 2006; Bower et al. 2006; De Lucia & Blaizot 2007) .
These galaxy samples provide an opportunity to test both, projection effects and the real nature of systems identified using standard algorithms like that proposed by Hickson (1982) . The CGs are identified in mock redshift-space catalogs constructed from the real-space galaxy sample derived with the semi-analytical model, from the Millennium Run.
In comparison with the analysis of Hernquist et al., our study is based upon a simulation in a box whose volume is over 1 million times greater, with 30 thousand times as many particles, 25 times finer mass resolution and a softening scale 4 times smaller. However, the simulation we use does not contain gas particles, so the galaxy parameters are highly dependent on the physics of galaxy formation and evolution of the 3 SAMs that we analyze.
We focus here on the HCG catalog, which is by far the best studied sample of Compact groups (accounting for nearly half of the citations to CG catalogs since 2003).
The layout of this paper is as follows. In Section 2, we present the different steps for the construction of the mock CG catalog and how the resulting CGs are classified. Section 3 gives the results on the nature of CGs and on the correlation of their properties. We also test the stability of our results against a change in the catalog magnitude limit. Finally, conclusions are summarized and discussed in Section 4. In the final stage of this work, we learnt about the work of McConnachie et al. (2008) who perform a similar analysis of the properties of Hickson-like CGs from the De Lucia & Blaizot (2007) galaxy catalog, and found that 70% of the mock CGs selected in projection were caused by chance alignments of galaxies. We highlight in Sect. 4.3 the similarities and several important differences between our two studies.
CONSTRUCTION AND CLASSIFICATION
OF THE COMPACT GROUP SAMPLE
Observed compact group sample
We use the HCG catalog of compact groups, with photometry measured by Hickson, Kindl, & Auman (1989) in the B and (presumably Johnson) R bands. Hickson (1982) found 100 HCGs, and Hickson et al. (1992) , who measured the redshifts for virtually all galaxies, built a velocity sample of vHCGs by eliminating galaxies lying at more than 1000 km s −1 from the group's median velocity. In this manner, they obtained 92 HCGs with at least 3 accordant velocities and 69 HCGs with at least 4 accordant velocities.
For future comparisons with the SDSS, we choose a Johnson R-band magnitude limit that mimics the SDSS spectroscopic magnitude limit of r < 17.77. According to Table 3 of Fukugita, Shimasaku, & Ichikawa (1995) , r − R has typical values of 0.36 (E), 0.31 (S0), 0.33 (Sab), 0.32 (Sbc), 0.30 (Scd), and 0.20 (Im), and we adopt r−R = 0.33 to restrict the HCG sample to a total extrapolated R band extinction-corrected magnitude
where we adopted AB/AV = 1.33 and AR/AV = 0.75 (Cardelli et al. 1989) . Equation (1) assumes no B − R color gradient in the galaxy. We first note that only 83 HCGs out of the original 99 1 have at least 4 galaxies whose extinction-corrected Rband magnitudes are within 3 mag from the brightest one (this is also clear in the BT and B 0 T magnitudes given in Hickson et al. 1989 , although this was not discussed by these authors). Among these 83 HCGs, there are 81 HCGs whose brightest magnitude satisfies R b < 17.44 − 3 = 14.44, thus ensuring completeness out to R = 17.44. We call this the pHCG sample (for HCGs defined in projected space).
Using the redshifts obtained by Hickson et al. (1992) , given in Table VII/213/galaxies in VizieR 2 (Ochsenbein, Bauer, & Marcout 2000) , supplemented by the redshifts that we found in the NASA/IPAC Extragalactic Database (NED) 3 -at present, all HCG galaxies have measured redshifts -, only 55 among the 81 pHCGs have at least 4 galaxies within 1000 km s −1 from the median group velocity (hereafter the vHCG sample, for velocity-selected HCG). Among these 55 vHCG groups, 29 form a subsample, with v < 9300 km s −1 that is complete in luminosity to MR < −17.4, which is the luminosity limit of the mock catalogs (see Sect. 2.5, below).
Basic scheme for mock compact group samples
Our mock catalogs of CGs are built in several steps, in which we:
(i) simulate the gravitational evolution of a large piece of the Universe, represented by collisionless (dark matter) particles;
(ii) attach galaxies to the simulation with a semianalytical galaxy formation model (iii) convert to a mock galaxy catalog in redshift space; (iv) convert to a mock 2D CG catalog (hereafter mpCG for mock CG in projection), by applying the HCG selection criteria; (v) convert mpCG to a velocity-filtered mock CG catalog (hereafter, mvCG for mock velocity-filtered CG), by removing galaxies with discordant redshifts; (vi) convert mvCG to a mock velocity-filtered Very Compact Group catalog (hereafter, mvVCG), by restricting to mvCGs with µR < 24 mag arcsec −2 ; (vii) convert mvCG to a mock velocity-filtered HCG catalog (hereafter, mvHCG for mock velocity-accordant Hickson Compact Group), by randomly selecting groups according to the completeness of the HCG as a function of group surface brightness, brightest galaxy magnitude and its contribution to the total group luminosity.
The last step is motivated by the strong incompleteness of the HCG catalog in surface magnitude and galaxy magnitude (see Sect. 2.7, below).
Dark matter particle simulation
We use the Millennium Simulation, which is a cosmological Tree-Particle-Mesh (TPM, Xu 1995) N -body simulation (Springel et al. 2005) , which evolves 10 billion (2160 3 ) dark matter particles in a 500 h −1 Mpc periodic box, using a comoving softening length of 5 h −1 kpc. 4 The cosmological parameters of this simulation correspond to a flat cosmological model with a non-vanishing cosmological constant (ΛCDM): Ωm = 0.25, ΩΛ = 0.75, σ8 = 0.9 and h = 0.73. The simulation was started at z = 127, with the particles initially positioned by displacing particles initially in a glass-like distribution according to the ΛCDM primordial density fluctuation power spectrum. The 10 9 particles of mass 8.6 × 10 8 h −1 M⊙ are then advanced with the TPM code, using 11 000 internal timesteps, on a 512-processor supercomputer. The positions and velocities of the 10 billion particles were saved at 64 epochs (leading to nearly 20 TB of data).
Modeling galaxies
We consider the z = 0 outputs from three different SAMs of galaxy formation by Croton et al. (2006) , Bower et al. (2006), and Blaizot (2007), (C06, B06 and DLB, respectively) , where each model was applied in turn to the outputs of the Millennium Simulation described above. Note that, while the B06 and C06 models were developed independently, the DLB model is essentially the same as the C06 model, except that the merger rate is reduced by a factor 2, the magnitudes are derived using spectral synthesis models based upon a different initial mass function (Chabrier 2003 instead of Salpeter 1955 with fewer low mass stars, and the treatment of radiative transfer to dust is much more refined.
The three SAMs produce galaxy positions, velocities, as well as absolute magnitudes (in five or more optical and near-infrared wavebands, all including Johnson R), as well as other quantities. To summarize, the branches of the halo merger tree (produced by the Millennium Simulation) are 4 The Millennium Simulation, run by the Virgo Consortium, is publicly available at http://www.mpa-garching.mpg.de/millennium followed forward in time, and the following astrophysical processes are applied: gas infall and cooling, early reheating of the intergalactic medium by photoionization, star formation, black hole growth, AGN and supernova feedback, galaxy mergers, spectro-photometric evolution, etc. The model parameters have been adjusted to produce a good match to the observed properties of local galaxies. In these SAMs, AGN feedback is responsible for the absence of cooling flows in rich clusters, for the cut-off at the bright end of the galaxy luminosity function and for the number density properties of the most massive galaxies at all redshifts. Also, the early reheating of the IGM by photoionization is responsible for suppressing gas cooling in halos below a circular velocity that is independent of redshift (or nearly so). The 3 SAMs produce z = 0 galaxy luminosity functions that are in good agreement with observations in both the bJ and K wavebands, 5 with an excess of galaxies at very bright luminosities for all 3 models and a slight excess at faint luminosities for the C06 and DLB models. Moreover, the B06 SAM provides several other observational predictions: the bJ and K galaxy luminosity functions at higher redshifts, the global history of star formation, and the local black hole mass vs. bulge mass relation.
All three SAMs produce around 10 million galaxies at z = 0. The galaxy samples appear to be complete at least to MR − 5 log h < −17.4 with stellar masses M * > 10 9 h −1 M⊙ (C06) or M * > 3 × 10 8 h −1 M⊙ (B06, DLB). Each of the three SAMs has its strengths and weaknesses. The B06 model computes galaxy mergers by inferring the positions of galaxies in their halo through typical values of their energies and angular momentum in units dimensioned to the virial scales of the halos. In contrast, the C06 and DLB models have the advantage of estimating the merger rates directly from the positions of subhalos in the dark matter simulation (but use an analytical formula for the orbital decay time by dynamical friction once the subhalo masses fall below their resolution limit). Unfortunately, C06 do not provide the galaxy merger trees, so it is difficult to derive the history of star formation of a given galaxy. Also, while the B06 shows a Red Sequence with increasing red colors for increasingly higher stellar masses, the C06 catalog shows a color-luminosity relation for the Red Sequence galaxies that flattens at high luminosity, contrary to observations, and a similar effect is seen in the DLB galaxy output (as shown by Bertone et al. 2007 ). Still, the B06 colors are too blue and fit somewhat less well the SDSS color distribution than do the DLB colors . Cattaneo et al. (2006) have reproduced better the colors of galaxies, but their SAM output is not public and the galaxy positions are determined stochastically (like B06) rather than by following the dark matter subhalos (like C06 and DLB). The DLB catalog produces galaxies whose presentday small-scale segregation of recently formed stellar mass is too large, while that of B06 matches well that observed with the SDSS (Mateus et al.) . This is surprising given that the B06 model treats the galaxy mergers with stochastic positions rather than the positions of the subhalos with which the galaxies are associated (see above). However, the DLB model predicts a little better than B06 the analogous segregation for intermediate age (0.2 − 0.5 Gyr) stellar mass (Mateus et al.) . But the present-day galaxy merger rate of DLB appears too low, while that of B06 matches well the observations of the frequency of galaxy pairs (Mateus 2008) .
In summary, it is very difficult to decide which of the three SAMs is most appropriate for our study of CGs, and we therefore decided to analyze the outputs of all three of them. We will find and illustrate several important differences in the properties of mock CGs predicted from these three models.
Mock galaxy catalogs
Using the snapshots at z = 0, we construct mock catalogs in redshift space. For the three SAMs, we obtain redshifts by adding the Hubble flow to the peculiar velocities projected in the line of sight direction. We compute the observer-frame galaxy apparent magnitudes from the rest-frame absolute magnitudes provided by the semi-analytical model. These apparent magnitudes are converted to the observer frame using tabulated k + e corrections (Poggianti 1997) .
Our mock catalog is constructed by viewing the full volume of the simulation box from one of its 8 vertices (zmax ∼ 0.17, 1.5648 sr = 5137 deg 2 -for technical reasons, we omitted a 5 deg 2 angular radius cone, leading to a very small fractional loss of 1 − cos 5
• = 0.4% of the sample). We set an apparent magnitude limit R = 17.44, equal to the limit we set on the HCG groups to match the SDSS spectroscopic catalog for later comparisons (see Sect. 2.1).
Our lower luminosity limit MR − 5 log h < −17.4 matches our apparent magnitude limit at a distance of 93 h −1 Mpc, hence we are complete in luminosity at closer distances, and progressively lose the lower luminosity galaxies at larger distances (as in simple magnitude-limited catalogs). Compared to a magnitude-limited CG catalog at R < 17.44, ours misses the low luminosity (MR > −17.4) galaxies at distances D < 93 h −1 Mpc, as well as the galaxies beyond our distance limit of 500 h −1 Mpc, which all have MR < −21.05 (i.e., more luminous than 1.3 L * , given the luminosity function derived by Blanton et al. 2003 and the correction from r to R wavebands given in Sect. 2.1). However, the observed vHCGs all lie within 208 h −1 Mpc, and their accordant-velocity galaxies are all more luminous than MR = −17.4. Also, we do not expect there to be many mock CGs made of 4 or more galaxies each more luminous than 1.3 L * . Therefore, these two sources of incompleteness are irrelevant here: the mock galaxy catalogs have the same built-in luminosity limit as the vHCG: MR < −17.4 for objects closer than 93 h −1 Mpc and an increasingly brighter absolute magnitude at further distances, set by the apparent magnitude limit R < 17.44. Table 1 summarizes the main properties of the three mock galaxy catalogs.
We identify regular groups of galaxies in the simulation box by applying a Friends-of-Friends (FoF) algorithm in real space (Davis et al. 1985) to the galaxies. We adopt a linking length of l = 0.17 n −1/3 , where n is the mean space density of galaxies. The factor 0.17 roughly corresponds to an overdensity of 100 relative to the critical density of the Universe, roughly the minimum overdensity (hence maximum radius) where cosmological structures are in dynamical equilibrium (Bryan & Norman 1998) . We denote these groups the PG3 s for Parent Groups selected in real space, and will later check if the mock CGs extend beyond these PG3 s.
Mock compact groups selected in projected space
Since the Millennium Run provides 3D galaxy positions as well as redshifts for each galaxy, it is possible to make a detailed analysis of the performance of algorithms to identify CGs. Even more important, the physical compact nature of the compact groups candidates can be tested. In this work, we use an automated mpCG search algorithm very similar to that described by Hickson (1982) , applied to the three mock galaxy catalogs. The algorithm defines as mpCGs those systems that satisfy the following conditions:
• N is the total number of galaxies whose R-band magnitude satisfies R < R brighest + 3, where R brightest is the magnitude of the brightest galaxy;
• µR is the mean R-band surface magnitude, averaged over the smallest circle circumscribing the galaxy centers.
• θG is the angular diameter of this smallest circumscribed circle;
• θN is the angular diameter of the largest concentric circle that contains no other galaxies within this magnitude range or brighter;
Note that the fourth criterion was not considered by Hickson (1982) .
The main steps of this algorithm are summarized in the flow chart of Figure 1 . If a galaxy brighter than m lies in or near the mpCG, that galaxy and the mpCG will be merged into a richer mpCG in the iteration where that galaxy is the selected first one.
Using this algorithm, we find 941, 1403, and 3861 mpCGs in the C06, B06 and DLB samples, respectively. It is interesting to compare the space density of mpCGs selected in projection with that in the HCGs, selected in the same way. We estimate for the mock and observed samples the mean space density of CGs within the lowest median distance of the all samples, which is a fairly robust measure of density. The adopted distance is 9000 km s −1 , where both the vHCG and mock CGs are complete in luminosity, and where the HCG sample appears to be complete in velocity (Fig. 2) , so the space density is computed as 
We obtain 5.2, 7.4 and 7.0 × 10 −4 h 3 Mpc −3 (see Table 2 ) using the SAMs by C06, B06 and DLB, respectively. In comparison, the HCGs were selected on the POSS I plates, spanning 9.7 sr (Dec > −33
• ). For the 81 pHCGs, the mean density is n90 = 1.9 × 10 −5 h 3 Mpc −3 (Table 2 ), i.e. typically 34 times lower than the values obtained from the 3 samples of mpCGs. We will discuss below the incompleteness of the HCG sample.
Mock compact groups after velocity filtering
In this spirit, we have built a sample of (velocity-filtered) mvCGs with the following iterative procedure:
• Compute the median velocity of the group, v median .
• Discard those galaxies with |v − v median | > 1000 km s −1 .
• If at least nmin galaxies remain, iterate until no galaxies are dropped or the group disappears (n < 3),
• Save those CGs that have at least nmin galaxies and that satisfy the compactness criterion.
We call n the number of accordant-velocity galaxies in the mvCG and adopt nmin = 4 as our minimum number of accordant velocities (but we also briefly consider nmin = 3 to quantify the effects of including triplets).
As can be deduced from Table 2 , the percentage of mpCGs that survive the velocity-filtering is 55% (C06), 56% (B06), and 29% (DLB), so that our final samples of accordant velocity CGs contain from ∼ 500 to ∼ 1100 mvCGs depending on the adopted SAM.
Although HCGs were originally defined to have 4 members, Hickson et al. (1992) considered those HCGs with at least 3 accordant velocities, and in the literature, one thus often finds statistics that include triplets. The percentage of mvCGs that have exactly three accordant velocities (i.e., triplets in redshift space) is 18%, 15% and 19% for C06, B06 and DLB, respectively (thus 73%, 71% and 48% of the CGs have at least 3 accordant velocities for C06, B06 and DLB, respectively). In the present paper, our analysis is based on CGs with at least four accordant velocity galaxies (nmin = 4), following the original intent of Hickson (1982) .
We now compare the space density of mvCGs with that of the vHCG sample. For our mock samples of mvCGs with at least 4 accordant velocities, the space densities n90 are (Table 2) 4.4, 6.6 and 5.4 × 10 −4 h 3 Mpc −3 , for C06, B06 and DLB, respectively. For comparison, for the 55 vHCGs with at least 4 accordant velocities and with brightest galaxy magnitude brighter than 14.44, the space density is n90 = 1.1×10
−5 h 3 Mpc −3 (Table 2 ). Therefore, the space density of mock, accordant-velocity, compact groups is 50 times that of the observed vHCGs, suggesting that the completeness of the HCG is only 2%. The lower space density of the observed vHCGs can be partly explained by the incompleteness of Hickson's visual selection of CGs, principally near the selection limits, as we shall see below, and, to a lesser extent, to Hickson's inclusion in his search area of the Galactic Plane, where the obscuration effectively brightens the extinction-corrected magnitude limit of the extracted CGs.
The main properties of the mvCGs identified in the DLB galaxy catalog are shown in Figure 2 together with the observed distribution of vHCGs (the distribution of the mvCGs obtained with the other two SAMs are similar). Hickson's visual selection of CGs produced a catalog that is incomplete at small angular sizes (middle left plot), faint brightest galaxy magnitudes (middle right plot), in groups with a dominant brightest galaxy (bottom left plot), and at low group surface brightness (bottom right plot).
The HCG incompleteness at low surface brightness (24 < µR < 26 mag arcsec −2 ) had already been noted by Walke & Mamon (1989) and Prandoni et al. (1994) . The incompleteness in brightest galaxy counts is analogous to the incompleteness in group number counts that Prandoni et al. had already noticed at the fairly bright limit of bJ = 13.1. As noted by Mamon (2000b) , inspection of Fig. 7 of Prandoni et al. indicates that the HCG catalog is incomplete by a factor 3 at bright magnitudes, while this incompleteness gets worse at increasingly fainter magnitudes. This is also evident in the middle right panel of our Fig. 2 , which suggests (by matching the magnitude counts at intermediate magnitudes) that the HCG becomes incomplete for brightest galaxy magnitudes fainter than R = 13.75, to the point where at R = 14.44, the differential completeness falls to roughly 5%. The 2% completeness of the HCG sample found overall suggests that the HCG sample is only 40% complete at intermediate magnitudes. The incompleteness of the HCG in dominant brightest galaxy groups had already been noticed by Prandoni et al. (1994) , who also found that Hickson (1982) was biased in favor of groups where the two brightest galaxies have comparable magnitudes.
Mock Hickson compact groups
As noted above, the HCGs produced by Hickson's visual inspection cannot be reproduced by an automatic searching algorithm given the many biases in the selection of HCGs. Therefore, the nature and properties of the mock CGs that strictly meet the HCG criteria mentioned in Sect. 2.6 may be different from the properties of the HCGs themselves.
A simple way to better reproduce the properties of HCGs is to only consider the Very Compact Groups (mvVCGs), i.e. pushing the surface magnitude limit brighter by two mag arcsec −2 to µR < 24 mag arcsec −2 . This criterion is simple enough to easily analyze galaxy samples.
However, given the strong and progressive incompleteness of the HCGs in brightest galaxy counts, small angular sizes, and systems with strongly dominant brightest galaxies, it is essential to fold in these extra factors of incompleteness when building a sample that will be a good mock for the observed HCGs. We therefore wish to construct a mock velocity-selected Hickson Compact Group (mvHCG) sample, starting with the mvCG sample, and selecting galaxies with probabilities proportional to the completeness in 1) group surface brightness, 2) brightest galaxy magnitude, and 3) difference between the brightest galaxy and total group magnitude (i.e. the relative importance of the brightest galaxy). We do not consider the distribution of angular sizes, since this latter quantity is directly dependent on the three other parameters.
Because the resulting number of mvHCGs turns out to be very small, rather than select mvCGs according to the probability that a given mvCG would be observed by Hickson, we proceeded as follows. We selected the first mvCGs that fill the observed distribution of vHCGs for the three parameters and stop once one of the 10 bins in any of the three distributions for the mvCGs reaches the value observed in the corresponding bin for the vHCGs. Hence, the derived distributions of the three parameters do not match perfectly the observed ones, but are lower limits. We repeated this exercise, using different orders for our loop over the mvCGs until we matched as best as possible the observed vHCG distributions. In order to increase the statistical significance of our results, we considered eight observers situated at the eight vertices of the simulation cube obtaining final samples of typically 350 mvHCGs. The distribution of properties of mvHCGs, shown in Figure 3 for the DLB model, matches much better the observed distributions of vHCGs. Similar results are found using the other two SAMs (except that with the C06 model there are no mvCGs in the last two bins of R brightest −Rgroup, i.e. the C06 model fails to find groups of roughly concordant magnitudes). The three mvHCG samples will be used to compare with the properties of observed vHCGs and with the correlations obtained for previous authors based on the observed accordant-velocity HCGs.
Different classes of Compact Groups
Even though we have used redshift information to identify our mvCGs, the selected groups are not necessarily physically dense in 3D real space.
Our mvCGs can thus be split into three homogeneous classes:
• Physically dense groups (Real), • Chance alignments within loose groups (CALG), • Chance alignments within filaments (CAF).
The idea is to preserve as Real mvCGs those configurations of k ( n) nearby galaxies which are truly dense in real space. Some of the originally identified mvCGs might not accomplish this criterion when considered globally, however subclumps embedded in them could satisfy this criterion and then be considered as Real mvCGs.
Therefore, the classification into subsamples is mainly based on the membership (k) of the subclumps, defined so that the largest real space separation among its accordantvelocity galaxies is smaller than some threshold scut. The computation of k is an iterative procedure:
Let smax be the largest real space separation among the accordant-velocity galaxies within an mvCG. Then, if smax < scut, the number of galaxies in the subclump is exactly the number of accordant-velocity members of the mvCG, i.e. k = n. Otherwise, the most isolated galaxy is discarded and smax is recomputed using the remaining galaxies. At the end of this procedure, we can determine how many subclumps there are in each mvCG.
The three mvCG classes thus have the following characteristics
• Real CGs: k 4, • CALGs: k < 4 and nPG3 4, • CAFs: k < 4 and nPG3 < 4, where k is the number of galaxies in the group or subgroup with the largest number of accordant velocities, while nPG3 is the number of galaxies in the parent PG3 (identified in real space).
We can go further and divide the chance alignment (CA 6 ) classes (i.e., CALG and CAF) according to the number of members in the subclumps. By doing so, we define the following classes: triplets, binaries and singles for k equal to 3, 2 or 1 respectively, and call them CALG3, CALG2, CALG1, CAF3, CAF2, CAF1. In order to easily identify CGs that have at least tree physically close galaxies, we also considered a subsample of Real CGs defined with k kmin = 3 instead of kmin = 4 as above.
We adopt a largest allowed maximum separation for Real mvCGs, scut, by requesting that the median ratio of the maximum line of sight separation (S ,max ) to the maximum projected separation (S ⊥,max ) for the resulting Real mvCGs, both measured using the k 4 galaxies in the richest subclump of the Real CG, be equal to the median analogous ratio measured on 4 galaxies randomly selected from the PG3 s. This ensures that the Real CGs are typically not more (nor less) elongated along the line-of-sight than the real-space selected PG3 groups.
The upper panels of Figure 4 show the median ratio S ,max /S ⊥,max for the k 4 galaxies in Real mvCGs as a function of the adopted scut for the 3 SAMs. The solid horizontal lines correspond to the ratio measured by selecting 4 galaxies at random from each PG3. According to our definition of scut, we derive this quantity as the abscissa where the broken and horizontal lines in the upper panels of Fig. 4 meet. The values corresponding to each SAM are shown in Table 3 . The lower panels of Fig. 4 show the fraction of Real mvCGs as a function of scut. Notes: k min is the physically dense clump minimum multiplicity.
The three classes of mvCGs are illustrated in Figure 5 , which shows the isodensity contours of the scatter plot of S ⊥,max versus S ,max . In this figure, the differences among the three classes are quite clear, the Real class is made of the rounder and more compact groups, while the CALG and especially the CAF classes are made of the galaxy configurations that are much more elongated along the line-of-sight and also a somewhat wider in projection.
When one selects at random 4 galaxies from the PG3 groups, the ratio of ordinate to abscissa should have the same median as that of the Real mvCGs, by definition of the Real class, and, of course, the maximum line-of-sight and projected separations are much greater than those of the Real class. However, although Real mvCGs must have at least k 4 galaxies whose maximum real-space separation is smax < scut, some (those with n > k) may have one or several galaxies that stretch the maximum real space separation beyond scut. This effect pushes the outermost Real contour to the upper right, and moves the Real mode slightly upwards relative to the green line. Notes: k min is the physically dense clump minimum multiplicity.
RESULTS

Nature of mock compact groups
Using the results of the bottom panels of Figure 4 , Table 4 provides the percentages of mvCGs in each class, using the mvCG classification criteria described in Sect. 2.9. As shown in Table 4 , we find that roughly 1/4 of the mock compact groups with accordant velocities are physically dense, while the remaining are caused by chance alignments of galaxies along the line of sight, with fairly good agreement between the three SAMs. On the other hand, the three SAMs give quite different fractions of Real mpCGs (from 6% for DLB to 15% for C06) and for mvHCGs (from 23% for B06 to 53% for C06).
One could argue that the lower fractions of Real CGs coming from the B06 model are the consequence of the lower value of scut that was necessary for the B06 mvCGs to match the distribution of line-of-sight to projected sizes of the realspace-selected PG3 s. However, Figure 5 clearly shows that the smaller projected groups are smaller along the line of sight, and since the B06 groups have smaller projected sizes (see Table 5 below), they require a smaller value of scut. Had we adopted scut = 110 h −1 kpc as for the DLB mvCGs, then, according to Figure 4 , the fraction of Real mvCGs from the B06 model would have been 52% instead of 21%. But these Real mvCGs would have been 20% longer along the line of sight than expected for systems selected in real space. Also, the more liberal value of scut for the DLB mock CGs did not make their fraction of Real groups among the mvCGs and the mvHCGs higher than that in the corresponding mock CG samples built with the C06 model. Now, CGs should be the cores of virialized groups, where the density profile is shallower than at larger radii, as for the NFW (Navarro, Frenk, & White 1996) profile. Monte-Carlo simulations of groups with power-law 3D densities indicate that the median line-of-sight ratio, S ,max /S ⊥,max , increases by typically 3% when the slope of the density profile is lowered from −2 to −1. This increases scut for the C06 SAM from 45 to 50 h −1 kpc, thus increasing the fraction of Real CGs in the C06 SAM from 28% to 34%. On the other hand, the two other SAMs will see their fraction of Real CGs rise by only 2 to 3% in absolute terms.
We now study the mvCGs that are chance alignments. We find that roughly 4/5 of non-Real CGs are caused by chance alignments of galaxies within larger groups, while the remaining fifth are chance alignments extending beyond the groups. When our classification is performed on the CALG and CAF classes, for the three SAMs (C06, B06, DLB, respectively) we find 53%, 39%, and 52% of triplets within CALG groups (CALG3), 40%, 45%, and 40% of CALG2, and 7%, 16%,and 8% of CALG groups of unrelated galaxies (CALG1, e.g. 1+1+1+1 for quartets). The fraction of triplets within CAF groups is lower (26%, 10%, 22%), with 60%, 59%, 51% of CAF2 and 14%, 31%, 27% of CAF1. Therefore, the binaries and triplets are even more common in CALGs than found by Mamon (1992b) in his simpler simulations of loose groups.
Considering the subsamples defined having at least 3 galaxies in close proximity (k 3), we find (last column of Table 4 ) that a slight majority of the mvCGs contain physically dense triplets: (50%, 54%, and 64% for C06, B06, and DLB, respectively).
In comparison, Mendes de Oliveira & Hickson (1994) found that 3/4 of HCGs with at least 3 accordant velocities and at least one galaxy with measurements of internal kinematics present at least 3 galaxies with morphological or kinematical signs of interaction. In our vHCG sample (n 4), their analysis yields a similar fraction (8/11 = 73%). It is interesting to compare this fraction to the fraction of mvHCGs with at least 4 accordant velocities (n 4) containing at least 3 close galaxies (k 3): we find 65% (B06), 71% (C06) and 78% (DLB). As noted by Mendes de Oliveira & Hickson, since only a fraction of HCG galaxies have measurements of the internal kinematics, the fraction of vHCGs displaying at least 3 galaxies with signs of interaction must be a lower limit to the fraction of HCGs with 3 interacting galaxies. So, the fraction of mvHCGs with dense triplets is equal to or lower than the fraction of vHCGs with at least three interacting galaxies. This suggests that galaxies more separated than scut may have been sufficiently close for significant interactions in the past.
Global properties of mock compact groups
The median values of all observable parameters are listed in Table 5 for the mock and observed samples.
The main results we can observe from this table are:
• The general properties of the different sub-samples of groups identified from the mock catalogs are generally similar to one another and to the properties of the observed vHCGs.
• The incompleteness of the vHCG in low surface brightness groups, causes the mean surface brightness of the observed vHCGs to be much better reproduced by the mvVCGs and mvHCGs than by the mvCGs.
Comparing the properties of the mvHCGs with those of the vHCGs, one notices that the DLB groups are too big in projection, yet their velocity dispersions match best the observed ones. The C06 model reproduces best crossing times and mass-to-light ratios, while B06 does best in projected sizes. Tables A1, A2 , and A3 show the properties of mvCGs separated by class. The main trends are:
• Real mvCGs have smaller radii and mean projected separations than CAs;
• The mean surface brightness of Real mvCGs are typically 2.0 mag arcsec −2 brighter than those of CAs; • The mass to light ratio (from the virial theorem) and crossing times of Real mvCGs are both at least a factor of two smaller than those of CAs;
• Real CGs do not appear significantly rounder than CAs (except in the B06 model, where the difference is statistically significant).
• In CALG groups, velocity dispersion typically increases when going from triplets to singles.
• There is a systematic trend of decreasing surface brightness from CAs made of triplets to those made of binaries to those made of singles.
• CAs made of singles appear rounder than those made of binaries, which in turn appear rounder than those made of triplets.
Correlations of physical properties
We now compare the correlations of the properties of mock CGs according to their class and also with those found in the observed vHCGs. The correlations are given in Table 6 .
Projected size vs. line-of-sight velocity dispersion
We first analyze the correlation between projected radius and velocity dispersion. No significant trends are found for Beers et al. 1990 -which is more robust for low multiplicity systems), θ G : angular diameter, R G : projected radii, S ⊥ : mean projected separation among galaxies, µ R : surface brightness, H 0 tcr: dimensionless crossing time (eq. [3]) b/a: projected size ratio and M VT /L: virial theorem mass over light (eq. [4] ). Errors assigned to the median properties are the semi-interquartile ranges. the mvCG, but there is a significant trend in the mvVCG sample for the C06 model and in the mvHCG samples made with the C06 and B06 models: velocity dispersion is correlated with projected radius. This latter correlation is in agreement with systems of given mean density, such as those defined out to their virial radii, for which velocity dispersion is proportional to radius.
If one only considers the isolation criterion, then the sizes of isolated CALGs should be proportional to the sizes of their host groups. Since, as implicitly argued by Mamon (1993) (Fig. 2a) for CALGs and confirmed by McConnachie et al. (2008) for all CGs (with at least 4 members within the host group), the velocity dispersions of CGs will be similar to that of their host groups, thus one would expect a positive correlation between CALG projected size and velocity dispersion. This is only seen in mvHCGs with the C06 and B06 models and in mvVCGs with the C06 model. If one folds in the compactness criterion, then neglecting possible correlations of mean galaxy luminosity with other quantities, one expects that the projected size of the CALG will be independent of that of the host group, as confirmed by McConnachie et al.. Hence, given the expected correlation of host group size and velocity dispersion, as well as the velocity dispersions of host and CALG (see above), then the projected size of the CALG should be independent of the velocity dispersion, which is seen in the mvHCGs made with the DLB model, in the mvVCGs with the B06 and DLB models and in all three mvCG samples.
Group surface brightness vs. line-of-sight velocity dispersion
There is a significant trend for higher velocity dispersion vHCGs to have higher surface brightness (Table 6 ). This correlation is also present in mvCGs, in mvVCGs with the B06 and DLB SAMs, but it is absent in mvHCGs for all three SAMs. Note that vHCGs show an even stronger correlation between velocity dispersion and total luminosity, which is also present and significant in both mvCGs and mvHCGs for all 3 SAMs.
3.3.3 Velocity dispersion vs. distance Whitmore (1990) noted that several properties of accordantvelocity HCGs, such as velocity dispersion, spiral fraction and number density, correlated with distance. In particular, he found that the velocity dispersion of accordant-velocity HCGs increases with increasing distance. We checked this in our vHCG sample, and found indeed a very strong Spearman rank correlation coefficient of 0.50 between these two quantities (Table 6 ), which is highly significant (the probability of a trend at least that strong occurring by chance is less than 6 × 10 −5 ). This correlation of velocity dispersion with distance appears to be the consequence of a Malmquist bias: distant Real vCGs are made of higher luminosity galaxies, hence of higher mass galaxies, hence these groups have higher mass and higher velocity dispersion. Indeed, if we limit the vHCGs to those closer than 93 h −1 Mpc, for which the sample is complete in luminosity, the Spearman rank correlation coefficient is reduced to 0.27, which is only 92.4% significant.
Our samples of mock CGs show similar trends, which are strongest in the three mvVCG samples, but always weaker than in the observed vHCG sample, and not statistically significant in the C06 and B06 mvHCG samples. Tovmassian et al. (1999) analyzed the correlation between the ratio of the projected sizes and the velocity dispersion using two classes of Hickson compact groups separated according to their projected shapes. By studying the mean velocity dispersion of each class, they concluded that, in spite of a large scatter, groups with rounder projected shapes tend to have higher velocity dispersions, regardless of the number of members. Now, geometrical considerations imply that the distribution of group shapes depends on the number of its members (e.g. Hickson et al. 1984) , with low multiplicity groups being on average more elongated. Since velocity dispersion scales as mass, which scales as number, one would then expect from the geometrical considerations that high velocity dispersion groups will be rounder, as found by Tovmassian et al.. However, Tovmassian et al. also noticed trends for triplets, quartets and quintets separately, and while none were statistically significant, they argued that the probability that all three trends were present (albeit weak) was significant.
Apparent shape vs. line-of-sight velocity dispersion
We have redone the analysis of Tovmassian et al. for the vHCG sample. Figure 6 shows the great dispersion of the elongation, b/a (measured as the ratio of the eigenvalues of the 2D shape tensor corresponding to the projected major and minor principal axis of the groups), as a function of the group velocity dispersion (measured again with the gapper algorithm, see caption to Table 5 ). Spearman rank tests do not show any significant correlation of roundness and velocity dispersion (r = 0.14, P = 79% for quartets and r = 0.41, P = 88% for quintets). Since the triplets follow (albeit insignificantly) the opposite trend, one cannot combine the three trends to obtain a statistically significant one, as done by Tovmassian et al.. A similar analysis (Table 6 ) for the mock mvCG and mvVCGs produces significant correlations between roundness and velocity dispersion only for the B06 SAM. More- over, for mvHCGs, the trend is not present for any of the SAMs. In summary, the anti-correlation between elongation and velocity dispersion is weak and insignificant in the vHCG sample and absent in the mock accordant velocity CG samples (except for the mvCG and mvVCG samples produced with the B06 model).
Mass-to-light ratio vs. crossing time
Mamon (1993) first plotted the vHCG group mass-to-light ratios as a function of their crossing times. His Figure 2 shows an anti-correlation of these two quantities. Now the HCG compactness criterion, to first order, is a size limit, which will limit HCGs to the lower left of the M/L vs. H0 tcr diagram, i.e. with small crossing times and mass-to-light ratios (Mamon 1994) .
We define the dimensionless group crossing time as
where S ⊥ is the mean projected separation of galaxy pairs, and the virial theorem mass as . Then, the mock compact group samples all display very strong anticorrelations between mass-to-light ratio and crossing time.
As seen in Table 6 , while the mvCGs have weaker M/L vs. H0 tcr anti-correlations than the vHCGs, all of the mock mvHCGs display even stronger anti-correlations than do the observed vHCGs. Figure 7 illustrates how the Real mvVCGs 7 have lower mass-to-light ratios and crossing times than the CALGs and CAFs.
DISCUSSION AND CONCLUSIONS
Summary of results
The aim of this paper is twofold: 1) predicting the nature of automatically identified CGs, and 2) predicting the nature of the well-studied but highly incomplete and biased HCGs. We identify CGs in three mock galaxy catalogs, constructed from the Millennium Simulation at z = 0 combined with three semi-analytical models (Croton et al. 2006; Bower et al. 2006; De Lucia & Blaizot 2007) . Several hundred mock CGs are identified using a two dimensional automated algorithm similar to that applied by Hickson (1982) .
Our main results are:
7 The mvVCG sample produces a trend in M VT /L R vs. H 0 tcr that is closer to the observed in the vHCG sample than does the mvHCG sample (Table 6 ).
(i) Among the mpCGs, between one-third and 60% (depending on the SAM) have at least 4 galaxies within 1000 km s −1 of the median velocity of the group. Since our study is carried out on a sample with a redshift cut-off (z ∼ 0.17), our mpCG samples are missing some groups polluted by or entirely made of distant galaxies. Our mvCG samples are less affected, since only luminous (L > 1.3 L * ) galaxies lie beyond our box, and it is unlikely that one could have many such luminous galaxies forming an mvCG, unless one picks up an isolated clump in a rich cluster (in which chance alignments are not uncommon, as predicted by Walke & Mamon 1989) . Therefore, the percentage of groups surviving the velocity filtering given in this paper is an upper limit to the expected in observational catalogs with no strict redshift limit.
(ii) Comparing the space densities of the mvCGs and the vHCGs, we deduce that the HCG catalog is only 2% complete. A comparison of the parameter distributions between the mvCGs and vHCGs indicates that the HCG is incomplete in groups of small angular sizes, faint brightest galaxy magnitudes, low surface brightness and high fraction of light in the brightest galaxy.
(iii) We find that the velocity filtering of mpCGs does not necessarily imply that the resulting accordant-velocity CGs are physically dense. We classify the accordant-velocity CGs according to the maximum 3D galaxy separation, scut = 90, 45 and 110 h −1 kpc for C06, B06 and DLB, respectively, where these cuts are chosen so that the median ratio of line of sight to projected maximum separations matches that of the virialized groups identified in real space. We then find that roughly a quarter of the mock accordant-velocity CGs are physically dense.
(iv) The large majority of non-Real mock accordantvelocity CGs are caused by chance alignments within larger groups, rather than within larger regions.
(v) Among the mock accordant velocity CGs that have been resampled according to the completeness functions of the HCG, the fraction of physically dense CGs depends somewhat on the galaxy formation model used: it is as high as half (C06) or as low as one quarter (B06) or in between (DLB).
(vi) The fraction of Real mvCGs increases by a factor 1.5 when the surface brightness cut, µR, is moved from 26 to 24 mag arcsec −2 . (vii) These probabilities help us estimate the fraction of HCGs that are physically dense groups of at least 4 galaxies. As discussed in Sect. 2.1, the HCG catalog has 100 members, among which 99 groups (HCG 54 is a collection of H ii regions), of which only 83 actually fulfill the original magnitude concordance criterion (R-band magnitude range less than 3) fit in our magnitude-limited sample. Among the 81 groups whose brightest and faintest galaxies are brighter than R = 14.44 and R = 17.44, respectively, only 55 have at least 4 accordant velocities, and among these, we expect roughly between 12 and 29 HCGs that are physically dense groups of at least 4 galaxies. Extrapolating to the 68 accordant-velocity HCGs (including those with magnitude range greater than 3 mags), we expect no more than 35 physically dense HCGs with at least 4 galaxies.
In comparison, Mamon (1986) had predicted that 47 out of what he thought would be 78 accordant velocity HCGs are caused by chance alignments (60%), while the remain-ing 40% are physically dense (but he predicted that half of these dense groups were unbound systems). We are therefore in good agreement with Mamon (1986) on the fraction of chance alignments polluting the HCG catalog, since chance alignments appear to represent between 47% and 77% of the mvHCGs (we did not check what fraction of the Real ones are unbound).
(viii) The median observable properties of the different mock CG samples reproduce generally well those of the observed velocity-accordant HCGs.
(ix) The physically dense mock CGs tend to be smaller, with higher surface brightness and lower crossing times and virial mass-to-light ratios. Nevertheless, these differences do not allow to easily discriminate among classes. Clearer ones could arise from the study of the properties of the member galaxies, which goes beyond the scope of this paper and will be the subject of a forthcoming one.
(x) The mock accordant velocity HCGs reproduce well the strong anti-correlation of mass-to-light ratio and crossing time observed in HCGs .
(xi) We confirm the trend (Whitmore 1990 ) for more distant HCGs to have larger velocity dispersions, but this trend is weaker and no longer statistically significant when we limit the vHCGs to the limiting distance where the sample is complete in luminosity (93 h −1 Mpc). This suggests that the observed trend is caused by Malmquist bias. The mock CGs show weak, sometimes significant (because of their larger sample sizes), trends between velocity dispersion and distance.
(xii) The possibility of a weak anti-correlation of group elongation and velocity dispersion in HCGs (Tovmassian et al. 1999) is not confirmed in the vHCG sample. The mock accordant-velocity quartets show insignificant or weak but significant trends, depending on the SAM and whether we change the CG selection criteria to mimic the HCG sample or not.
Comparison of the 3 semi-analytical models of galaxy formation
While the 3 SAMs produce similar fractions of physically dense mvCGs, we've noted several important differences among them for other quantities.
• The space density of the mock velocity-accordant very compact groups (mvVCGs) is 60% higher in the B06 model (Table 2) .
• The mvCGs from the B06 model have projected sizes typically 60% smaller than those coming from the DLB model, with the C06 ones in between (Table 5) .
• In consequence, the cutoff in maximum real-space separation for physically dense mvCGs with the B06 model needs to be less than half those of the other two models (Table 3) .
• The fraction of the CGs selected in projection that are physically dense is nearly twice as low in the DLB model (Table 4) .
• The fraction of physically dense mvHCGs is as high as 53% in the C06 model but as low as 23% in the B06 SAM (Table 4) .
• Neither B06 nor DLB models produce as many CGs with surface brightness nearly as low as the selection limit as expected (see Figure 2 ).
• Contrary to the two other SAMs, the C06 model is unable to produce magnitude concordant groups, i.e. where R brightest − Rgroup ∼ < 2.5 log N (1.51 for quartets).
The three mvHCG samples are designed to reproduce the properties of the vHCG. But does any of the three SAMs reproduce better the median properties and correlations observed in vHCGs? Table 5 shows that the DLB performs poorly on the mean velocity, physical sizes, virial theorem mass-to-light ratio and on crossing time; B06 performs poorly on velocity dispersion, crossing time and massto-light ratio, while C06 performs somewhat poorly on velocity dispersion.
The DLB model shows the weakest (and nonsignificant) anti-correlation between RG and σv, almost as weak as the observed one. None of the three SAMs reproduces the strong correlation between mean surface brightness and velocity dispersion. The DLB model produces the strongest correlation between velocity dispersion and distance but still less than the observed one. In the three models, the apparent shapes of n = 4 mvHCGs are uncorrelated with velocity dispersion, as observed. Finally, all three models reproduce the very strong correlation between mass-tolight ratio and crossing time, but C06 produces a trend that is closer to the observed one.
In summary, while the C06 model reproduces best the global properties of vHCGs, the DLB model produces mvHCGs that reproduce a little better the correlations of the properties of vHCGs. It is surprising that the B06 model, which uses a statistical approach for galaxy positions in their halos, performs as well as it does.
Comparison with McConnachie et al.
McConnachie et al. (2008) (MEP) have very recently published a study very similar to ours: they also extracted mpCGs from the DLB model obtained from the Millennium dark matter simulations. Their sample extended to r = 18, which corresponds to roughly one-quarter of a magnitude fainter than out limit of R < 17.44. Their other mpCG criteria appear to be almost exactly the same as ours (following the criteria of Hickson 1982) . MEP find a total of over 15 000 mpCGs, whereas we have nearly 3 900 with the DLB model (Table 2) . Surprisingly, the ratio between our two extractions should have been proportional to the product of the ratio of solid angles (8) times the factor of 1.4 expected from their fainter magnitude limit, i.e. 11. For some reason, we are nearly 3 times more efficient then MEP in finding mpCGs.
MEP and us agree that a significant fraction of mpCGs are caused by chance alignments. We also agree that groups with higher mean surface brightness are more likely to be Real (but we believe that setting the surface magnitude limit to µr = 22.0 mag arcsec −2 , although useful for forthcoming large and deep surveys, will be of little use on the HCG catalog, for which only 1/5th of the groups have such a high mean surface brightness, whereas more than double that fraction might be physically dense).
There are, however, several important differences between our two studies:
• MEP build their sample from a mock that extends beyond the box size of the Millennium simulation -using the output of the Mock Map Facility (MoMaF) code of Blaizot et al. (2005) , while our mock galaxy catalogs are limited to the size of the simulation box. However, this should produce negligible differences since the observed vHCGs are all close enough to us that they would have all fit in the simulation box (assuming that the observer is located at one of its vertices).
• MEP consider CGs with a faint magnitude limit, while we also tie in a bright magnitude limit to ensure that all mock CGs were built from galaxies that spanned a range of over 3 magnitudes.
• We have analyzed the galaxies from 3 different SAMs, while MEP have only considered the DLB sample, which we found to produce the smallest fraction of physically dense mpCGs.
• MEP only provide statistics for the mock CGs defined in projection (mpCGs, which they refer to as 'HA's) but do not consider the subset of accordant-velocity groups (mvCGs). This is a pity, because ever since Hickson et al. (1992) published the HCG galaxy redshifts, most analyses have thrown out the discordant velocity HCGs.
• MEP only considered those mpCGs with k 3 galaxies that lie very close in real space, while we considered both k 4 (to be consistent with Hickson's initial motivation to have at least 4 galaxies per HCG) and k 3.
• MEP define the Real mpCGs using a Friends-of-Friends linking length in real space, while we use a maximum realspace separation. Structures built from small numbers of components with Friends-of-Friends algorithms tend to be more filamentary. For mpCGs that are CALGs or CAFs, the most distant outlier will determine both the maximum size and critical linking length. Hence, their critical linking length of ℓ = 200 h −1 kpc can be compared to our maximum size scut between 45 and 110 h −1 kpc (depending on the SAM, see Table 3 ). MEP are thus considerably more liberal than us in their definition of Real mpCGs with one outlier.
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However, for mpCGs with both foreground and background galaxies, MEP's ℓ must be compared to our half -maximum size scut/2, and there is here a discrepancy of a factor between 3.5 and 9 (according to the SAM). Worse, for those (admittedly rare) cases of, say 4, galaxies aligned along the line of sight at roughly equal separations just below ℓ, one will end up with a group that spans up to 3 ℓ = 600 h −1 kpc, which is now between 5 and 13 times greater (according to the SAM) than scut, and will still be called Compact Association (Real), although it clearly is a chance alignment.
• Our choice of critical half-maximum size for Real mock CGs, scut, was made so that the Real mvCGs have the same distribution of 3D shapes (ratio of line-of-sight to projected sizes) as do the PG3 groups selected in Real space, whereas MEP's choice of critical linking length was chosen to match the virial radius of L * galaxy halos.
• MEP study the nature and properties of CGs selected with the strict Hickson criteria. We also address this question, but we consider too the additional question of the nature and properties of CGs whose selection criteria effectively match that of the very incomplete and biased HCG catalog.
• MEP consider the correlation of mpCG properties with the underlying halo, while we study the correlation of mock CG properties among themselves.
The nature of low velocity dispersion HCGs
Mamon (1993, 1994, 1996) showed that roughly half of the vHCGs (those with low velocity dispersions) lie off a fundamental track that he computed for the cosmo-dynamical evolution (Hubble expansion, collapse) of groups in MVT/L vs. tcr. In these papers, assuming that the true mass-to-light ratio (not MVT/L) is independent of mass, Mamon argued that the cause of this mismatch was that the low velocity dispersion vHCGs are CALGs. In this case, the velocity dispersion of the vHCG should roughly match that of the parent loose group. The outer regions, near turnaround, of the parent group will be picked up along the line of sight, and thus explain the low velocity dispersion of the CALG.
Moreover, the X-ray survey of Ponman et al. (1996) revealed that the groups with strong X-ray emission tend to have higher velocity dispersions (as expected since both velocity dispersion and group X-ray luminosity must correlate with group mass), and conversely, X-ray undetected groups tend to have low velocity dispersions (Mamon 2007) . If one interprets the lack of X-ray emission as a sign of chance alignment (Ostriker et al. 1995 , who also suggest that low X-ray emission could be a sign of intrinsically low gas content), one would expect CALG and CAF groups to have lower velocity dispersion and not higher ones. Also, the X-ray detected groups have a lower spiral fraction than regions of clusters of the same space number density (Helsdon & Ponman 2003) , while HCGs in general have a higher spiral fraction than regions of clusters of the same space number density (Mamon 1986) . Therefore, the X-ray undetected HCGs must be extremely spiral-rich, which is another indication that these low velocity dispersion CGs are chance alignments of unrelated galaxies. And in fact, a very strong anti-correlation of vHCG spiral fraction and velocity dispersion was noted long ago (Hickson, Kindl, & Huchra 1988) .
There are several alternatives to chance alignments to explain low velocity dispersion vHCGs, which could be:
• groups whose velocities are, by chance, nearly perpendicular to the line of sight (Mamon 2000b ), but, one does not expect that half the vHCGs would have such motions;
• undergoing starbursts, which decrease M/L and drive the groups off the fundamental track (Mamon 2007 ), but it is not clear how one can get strong enough starbursts to bring M/LB down by a factor 10 for half of the vHCGs, whereas only few of the HCG galaxies have blue colors (Moles et al. 1994) ;
• dynamical friction is expected to be more important in low velocity dispersion groups, which leads to more dissipation of orbital energy and thus lower velocity dispersions. Hints of this effect within the scales of CGs (10% of the parent PG3 group virial radii) and even further out (up to 1/3 of the virial radius) are seen in stacked line-of-sight velocity dispersion profiles (Mamon 2007) ;
• low mass groups may have lower true mass-to-light ratios (Marinoni & Hudson 2002) , so that if their gas fractions are the same as high mass groups, then their gas mass-to-optical luminosity ratios will be smaller than for high mass groups, which, as Ostriker et al. (1995) pointed out, will also lead to decreased X-ray emission.
The present study sheds light on the nature of the low velocity dispersion HCGs. Real and CALG mvCGs have comparable velocity dispersions, regardless of the SAM (Tables A1, A2 , and A3). However, in the C06 and B06 mvHCGs, both CALG and CAF groups have higher velocity dispersions than their physically dense counterparts, but the opposite is true for the DLB sample. Hence, according to the B06 and C06 models, the low velocity dispersion accordant velocity compact groups, selected according to the Hickson criteria and biases, are not more likely to be the products of chance alignments. But this conclusion is not reached with the DLB model.
If the B06 and C06 models are right in finding that the CA groups tend to have higher velocities than their physically dense counterparts, then the low velocity dispersion HCGs, more dominated by physically dense groups, must then be spiral-rich systems that have just begun their interaction. This might be easy to understand for those rare systems where the four galaxies detach from the Hubble expansion at the same time and collapse together. But structure formation is usually more hierarchical, a binary forms first, then a third galaxy falls into the pair, then a fourth galaxies comes in. By that time, the original pair should have merged into an elliptical, and when the fifth galaxy comes in one has an elliptical and 3 spirals.
Since the large majority of the mvCGs and mvHCGs are embedded in presumably virialized host groups, the formation of CGs must be seen in light of their environment: dynamical friction will bring galaxies to the center, and if several galaxies see their orbits decay at the same time, one will end up with a dense core, which may be isolated. Again, it is not clear how one can obtain 4 galaxies at the center nearly simultaneously, without them merging together along the way to the center. Nor is it clear why there are so few early-type galaxies in low velocity dispersion groups, while these should show the fastest rates of galaxy merging, be it by dynamical friction or in slow direct collisions (Mamon 1992a (Mamon , 2000a .
Alternatively, N -body systems show a separate corehalo evolution, driven by two-body encounters, and reminiscent of the gravothermal catastrophe that is thought to operate in globular clusters. Signs of such a separate coreenvelope evolution were seen in the simple group simulations of Mamon (1987) , but it is not clear if this process is efficient enough to explain the numbers of CGs.
Again, we emphasize that in the DLB model, the CGs made by chance alignments have lower velocity dispersion than their physically dense counterparts, so that, in this model, all the discussion above is unwarranted: the low velocity dispersion, high spiral fraction HCGs would then be simply caused by chance alignments of galaxies along the line-of-sight among larger groups or a little beyond.
Perspectives
In future work, we will show how one can determine, statistically, which HCGs are physically dense, and analyze the morphologies, luminosities of the mock CGs, in particular to understand the low velocity dispersion Real CGs. It would be worthwhile to probe the formation of the physically dense CGs by analyzing the merger trees of galaxies in the mock CGs. But this type of analysis will need to be confirmed with increasingly realistic simulations of galaxy catalogs, for example constructed from future high-resolution cosmological hydrodynamical simulations, with realistic prescriptions for feedback from AGN and supernovae.
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